Introduction
============

Observational studies and intervention trials have demonstrated that periconceptional supplementation with folic acid (FA) reduces the occurrence of birth defects, especially neural tube defects (NTDs) \[[@B1],[@B2]\]. However, public health campaigns have failed to improve folate status through recommendations of FA supplements as demonstrated by a low proportion of women of child-bearing age consuming FA supplements periconceptionally and nearly half of this population having unplanned pregnancies \[[@B3]\]. Fortification of foods with FA thus offered a plausible solution to these failed health campaigns. In 1998 fortification of cereal grains with FA was mandated by the US Food and Drug Administration (FDA), with the main purpose of reducing the risk of NTDs by increasing folate intake in women of child-bearing age \[[@B4]\].

Since the initiation of FA fortification, US National Health and Nutrition Examination Surveys (NHANES) have documented a 1.5- to 3-fold increase in the circulating concentrations of folate. This has resulted in an 80-90% decline in the prevalence of low folate, i.e. \< 3 ng/mL of plasma folate and \< 140 ng/mL for RBC folate, designated as folate deficiency, particularly among women of child-bearing age, from 1988-2006. An evaluation of the relationship between the risk of NTD and maternal concentrations of folate has shown that the lowest category of NTD risk occurred when maternal plasma and RBC folate concentrations were \> 7 ng/mL and \> 400 ng/mL \[[@B5]\], respectively, suggesting that achieving this level of folate rather than eliminating folate deficiency should be the goal for individual recommendations or population-wide FA fortification programs for the prevention of NTDs. According to NHANES 1999-2000, in women of child-bearing age who do not use FA supplements, only \< 10% reached \> 400 ng/mL RBC folate concentrations, despite the fact that serum concentrations were exceeding the acceptable level \[[@B6]\]. A smaller study conducted after FA fortification in 1999 in Southern Californian women who had not consumed supplemental FA within the past 12 months, however, demonstrated that 95% of socio-economically advantaged women and 78% of disadvantaged women, respectively, reached RBC folate concentrations \> 400 ng/mL \[[@B7]\]. In a group of Australian women, 64% had RBC folate levels of \> 400 ng/mL within 12 months of their FA fortification program \[[@B8]\]. Even though folate deficiency was reported to be virtually nonexistent in the general Canadian population after their FA fortification program, 22% of Canadian women of child-bearing age did not achieve RBC folate concentrations \> 400 ng/mL \[[@B9]\]. Well-implemented mandatory fortification programs, unlike voluntary fortification programs, are expected to reduce disparities in folate status. However, individuals with low RBC folate status after fortification are still reported to be concentrated in groups with lower incomes and among African Americans (AAs) in the US \[[@B10]\]. A higher intake of FA from supplements in Caucasian Americans (CAs) compared to AAs may explain these racial differences at least partially \[[@B11],[@B12]\]. Also, other studies have indicated that fortification may not reach all women of reproductive age adequately \[[@B13]\].

Despite the above stated issues, however, the US FA fortification program has also been under scrutiny with regard to potential adverse effects of higher concentrations of folate on many disease conditions. Approximately 23% of the US population has been reported to have supra-physiologic (SP) concentrations of plasma folate (\> 19.8 ng/mL) within 2 years of exposure to the FA fortification program \[[@B14]\]. Higher circulating concentrations of folate have been hypothesized to mask pernicious anemia due to vitamin B~12~ deficiency, cause cognitive impairment in elderly subjects, reduce the efficacy of anti-folate drugs, increase the risk of insulin resistance and obesity in children and have the potential to promote cancer \[[@B15]-[@B18]\]. However, folate may also play a beneficial role in cancer prevention via its critical role in synthesis, repair and methylation of DNA \[[@B19]\]. There have also been several reports associating excess body weight with folate concentrations \[[@B20],[@B21]\], and a report showing that after mandatory FA fortification, higher maternal weight was associated with increased risk of NTDs \[[@B22]\]. Even though the presence of un-metabolized FA associated with higher folate status has been hypothesized to exert adverse effects on some of these conditions, there have been no definitive studies to conclusively demonstrate this effect.

With this background, the purpose of this study was to evaluate the status of circulating concentrations of folate in women of child-bearing age in the US post-FA fortification era and assess the determinants of NTD-protective concentrations of RBC and plasma folate and SP concentrations of plasma folate.

Subjects and Methods
====================

Study participants
------------------

The present analysis was based on a subset of women screened after the initiation of the FA fortification program in the US (2004-2011) for two studies funded by the NCI (R01 CA105448 and R01 CA102489). All women were diagnosed with abnormal cervical cells and were referred to a colposcopy clinic at the University of Alabama at Birmingham (UAB) for further examination by colposcopically directed biopsies. The current study included 843 non-pregnant women of child-bearing age (15-45 years) who tested positive for high-risk human papillomaviruses (HR-HPVs), but histologically confirmed to be free of cervical pre-cancer. Women had no previous history of cervical or other genital cancers, previous hysterectomy, or known destructive therapy of the cervix. None of them were current users of anti-folate medications.

Demographic and risk factor data
--------------------------------

Age, race, level of education, parity, cigarette smoking, alcohol consumption and use of hormonal/oral contraceptives and supplements containing FA and their duration of use were ascertained from the risk factor questionnaire administered by the study personnel. CDC physical activity questionnaire data were summarized as two categories according to the number of minutes of moderate physical activity min/week (\< 150 or ≥ 150). Height, weight and waist circumference (WC) measurements were obtained using standard protocols by the study personnel, reducing the potential for body mass index (BMI) misclassification compared with self-report. BMI was calculated using the height and weight measurements (weight kg/\[height m^2^\]). WC data were summarized as two categories, ≤ 88 cm or \> 88 cm. Percentage of body fat (% BF) was measured using a TANITA-bioelectrical impedance analysis instrument (Model TBF-300A) and summarized as two categories, ≤ 33% or \> 33%. Fasting blood samples were collected from all women. All protocols were approved by the Institutional Review Board at the UAB.

Processing of blood samples
---------------------------

Fasting blood samples collected in EDTA containing blood collection tubes were kept cold and were transported to the laboratory on ice within two hours of collection. All samples were immediately processed and stored appropriately to assess plasma folate and RBC folate by using a RBC hemolysate method. The hematocrit needed for calculating RBC folate concentrations was measured using 25 µL of whole blood. After mixing 25 µL of whole blood with 725 µL of freshly prepared 1% ascorbate (to preserve folate), samples were incubated at 37℃ to convert folate to microbiologically assayable forms. The remainder of the whole blood sample was centrifuged at 3000 rpm for 10 minutes to separate plasma from RBCs. The hemolysate preparations and plasma were immediately stored at -80℃ until used for folate analysis.

Lactobacillus casei (*L. casei*) microbiological assay
------------------------------------------------------

The 96-well plate adaptation of the *L. casei* (ATTC 7469) microbiological assay was used to measure the total folate levels in the appropriately treated samples of RBC and plasma \[[@B23]-[@B25]\]. Briefly, 20 µL of sample and folate standard (15 ng/mL) was used in the assay. The volumes of the sample and the standard were adjusted to 300 µL using 0.1 M phosphate buffer (pH 8.6) containing 10 mg/mL of ascorbic acid. Six serial dilutions of sample and standard (folate standards in the range of 0.005 to 0.15 ng/0.3 mL assay well volume after serial dilutions) were made using a 12-channel pipetter. 150 µL of *L. casei* medium containing *L. casei*, at a concentration of 5 µL/10 mL of medium, was pipetted into all wells and incubated for 18 hours at 37℃. After incubation, the contents of each well were suspended by repeated aspiration and flushing several times with a 12-channel pipetter. Bacterial growth was measured by reading the optical density at 655 nm. This assay is based on the ability of the folate in the sample to stimulate *L. casei* growth relative to folatecontaining standards. The coefficient of variation and recovery of this assay were 5-7% and 96-105% respectively. To monitor the reproducibility of these assays, two pooled samples (low and high) prepared from plasma obtained from the American Red Cross were assayed at least 30 times and the means and standard deviations were determined. These served as the basis for the quality control for the assays. The low and high pools were included in every plate. The study sample assays were repeated if the values of the control samples in each run were beyond two standard deviations from the mean. Plasma and RBC hemolysate from the same individuals were assayed for folate under the same experimental conditions (same plate, same day, etc). All assays were performed within 3 months of sample collection by one research associate throughout the study period using samples which were never subjected to freeze-thaw conditions.

Calculation of RBC folate
-------------------------

The following formula was used to calculate RBC folate concentrations.

This formula makes a correction for plasma folate present in the whole blood hemolysate and for the proportion of blood that consists of RBCs.

Statistical analysis
--------------------

Simple descriptive statistics (mean ± SD or percentages) were used to evaluate the distribution of study subjects according to NTD-protective concentrations of RBC folate (≤ 400 ng/mL vs. \> 400 ng/mL), NTD-protective concentrations of plasma folate (≤ 7 ng/mL vs. \> 7 ng/mL) and SP concentrations of plasma folate (≤ 19.8 ng/mL vs. \> 19.8 ng/mL) by demographic and life-style factors (age, race, education, parity, smoking, alcohol consumption, use of hormonal contraceptives or multi-vitamins containing FA, physical activity and indicators of excess body weight, namely, BMI, WC and % BF). A two-sided chi-square test or Fisher\'s exact test was used to test the differences in the distribution of RBC or plasma folate concentrations according to demographic and life-style factors, and the Student\'s *t*-test was used for comparisons of means. Statistical significance was set as α \< 0.05. Logistic regression models specified NTD-protective concentrations of RBC and plasma folate or SP concentrations of plasma folate as dependent variables, and age (as a continuous variable), race (AA vs. CA), educational status (high school or greater vs. less than high school), parity (0 vs. \> 0), smoking (non-current vs. current), alcohol consumption (non-current vs. current), use of hormonal contraceptives (non-user vs. user) and multi-vitamins containing FA (infrequent or non-user vs. \< 1 year or ≥ 1 year user), physical activity and indicators of excess body weight as independent predictors of interest. Separate models were run using the entire population, those who did not use FA containing multi-vitamins and those who used such supplements. Logistic regression models were used to evaluate the effects of these factors simultaneously. We evaluated the strength and precision of each association by estimating the odds ratio (OR), its 95% confidence interval (CI) and its statistical significance using Wald chi-square statistic of the null hypothesis that the OR was equal to 1. All statistical analyses were conducted using SAS 9.1.3 version (SAS Institute, Inc, Cary NC).

Results
=======

Characteristics of study subjects
---------------------------------

As shown in [Table 1](#T1){ref-type="table"}, the study included 843 women (43% CAs and 57% AAs) of child-bearing age with a mean age of 24.7 years. Approximately 81% of women reported having a high school or greater level of education while \~65% reported giving birth to 1 or more children. Consumption of alcohol was more common (61%) than smoking (38%) in this population. Approximately 80% of women used hormonal contraceptives. Approximately 14% of women reported regular use (≥ 4 times per week) of a multi-vitamin containing FA and these women were defined as supplement users (SUs). The other 86% of women who did not use FA containing supplements or who were infrequent users of such supplements (\< 4 times per week) were defined as non-supplement users (NSUs). Among SUs, 60% and 40% reported the duration of supplement use as \< 1 year and ≥ 1 year, respectively. The frequency of regular use (10% among AA vs. 20% among CA) as well as the duration of use of multivitamins containing FA (3% of AA and 9% of CA reporting ≥ 1 year duration) were significantly lower among AA women compared to CA women, *P* = 0.0001 and *P* \< 0.0001, respectively. The population appeared to have largely a sedentary life style; only 30% of women reporting ≥ 150 minutes of moderate physical activity per week. More than 50% of women had excess body weight as indicated by BMI ≥ 25 kg/m^2^, WC \> 88 cm or % BF \> 33%.

The percentage of the population that reached NTD-protective concentrations of RBC and plasma folate was 86% and 89% respectively. These percentages differed by race, with 92% of CA women reaching NTD-protective concentrations of both RBC and plasma folate and 82% and 87% of AA women reaching NTD-protective concentrations of RBC folate and plasma folate. AA women were significantly less likely to have \> 400 ng/mL RBC folate (*P* \< 0.0001) and \> 7 ng/mL plasma folate (*P* = 0.0184) or SP concentrations of plasma folate (*P* \< 0.0001). SP concentrations of plasma folate were significantly less prevalent among women with lower educational status (*P* = 0.0482). The frequency of regular use of FA containing multi-vitamins and duration of their use were only higher among those with SP concentrations of plasma folate (*P* \< 0.0001 and *P* = 0.0550, respectively). SP concentrations of plasma folate were significantly more prevalent among those reporting higher physical activity (*P* = 0.0361).

The mean plasma folate and RBC folate concentrations were significantly higher among those who reached NTD-protective concentrations of plasma and RBC folate and those who had SP concentrations of plasma folate (*P* \< 0.0001 for all comparisons). None of the women had RBC folate concentrations ≤ 140 ng/mL. Only one woman (0.1%) had plasma folate ≤ 3 ng/mL. The percentage of the population that had SP concentrations of plasma folate was 27%. The proportion of women with SP concentrations of plasma folate was also significantly higher among those who reached NTD-protective concentrations of plasma and RBC folate, compared to those who did not. Among women who reached NTD-protective concentrations of RBC and plasma folate, 30.6% and 30% had SP concentrations of plasma folate, respectively. Whereas among women who didn\'t reach such concentrations, only 2.6% and 0% had SP concentrations of plasma folate, respectively (*P* \< 0.0001 for both comparisons). Among supplement users who reached NTD-protective concentrations of RBC and plasma folate, however, 56% and 54% had SP concentrations of plasma folate (data not shown).

Determinants of Neural Tube Defect (NTD)-Protective Circulating Concentrations of Folate
----------------------------------------------------------------------------------------

As shown in [Table 2](#T2){ref-type="table"}, in the regression model which included all women, AA women were significantly less likely to achieve NTD-protective concentrations of RBC and plasma folate (OR = 0.25, 95% CI = 0.15-0.43, *P* \< 0.0001, OR = 0.50, 95% CI = 0.30-0.84, *P* = 0.0094, respectively) and SP concentrations of plasma folate (OR = 0.36, 95% CI = 0.25-0.53, *P* \< 0.0001). Women with less than high school education were less likely to have SP concentrations of plasma folate (OR = 0.54, 95% CI = 0.34-0.88, *P* = 0.0123). Smokers were less likely to achieve NTD-protective concentrations of both RBC and plasma folate or have SP concentrations of plasma folate, but the results were only statistically significant for RBC folate (OR = 0.49, 95% CI = 0.31-0.79, *P* = 0.0031). Women who used hormonal contraceptives were more likely to have SP concentrations of plasma folate (OR = 1.45, 95% CI = 0.94-2.24, *P* = 0.0948). Women who used supplements for ≥ 1 year compared to NSUs were 3 times more likely to achieve NTD-protective concentrations of RBC folate (OR = 3.01, 95% CI = 0.91-9.99, *P* = 0.0722). Women who used supplements for \< 1 year compared to NSUs were also \~3 times more likely to achieve NTD-protective concentrations of plasma folate (OR = 3.11, 95% CI = 1.11-8.77, *P* = 0.0315). Women who used supplements for \< 1 year or ≥ 1 year compared to NSUs were \~2 and 5 times more likely to have SP concentrations of plasma folate (OR = 2.09, 95% CI = 1.32-3.33, *P* = 0.0018 and OR = 5.30, 95% CI = 3.04-9.26, *P* \< 0.0001, respectively). Women with higher BMI (≥ 30 kg/m^2^) were more likely to achieve NTD-protective concentrations of both RBC and plasma folate and have SP concentrations of plasma folate, but the results were only statistically significant for RBC folate (OR = 1.74, 95% CI = 1.07-2.84, *P* = 0.0268). When BMI was replaced with WC and % BF, however, this association was non-significant with all cut points, NTD-protective concentrations of RBC and plasma folate or SP concentrations of plasma folate.

In the regression models which included only NSU, AA women were significantly less likely to achieve NTD-protective concentrations of RBC and plasma folate (OR = 0.22, 95% CI = 0.13-0.39, *P* \< 0.0001, OR = 0.45, 95% CI = 0.26-0.78, *P* = 0.0044, respectively) and SP concentrations of plasma folate (OR = 0.37, 95% CI = 0.24-0.55, *P* \< 0.0001) ([Table 3](#T3){ref-type="table"}). Among SU, AA women were less likely to achieve NTD-protective concentrations of RBC and plasma folate, but these associations were statistically non-significant ([Table 4](#T4){ref-type="table"}). AA women were significantly less likely to have SP concentrations of plasma folate even among SU (OR = 0.28, 95% CI = 0.10-0.79, *P* = 0.0164) ([Table 4](#T4){ref-type="table"}). Among NSU, smokers were less likely to achieve NTD-protective concentrations of both RBC and plasma folate or have SP concentrations of plasma folate, but the results were only statistically significant for RBC folate (OR = 0.43, 95% CI = 0.26-0.71, *P* = 0.0010) ([Table 3](#T3){ref-type="table"}). Among SU, smoking had no significant effect on achieving NTD-protective concentrations of both RBC and plasma folate or SP concentrations of plasma folate ([Table 4](#T4){ref-type="table"}). Among NSU, women with higher BMI (≥ 30 kg/m^2^) were more likely to achieve NTD-protective concentrations of both RBC and plasma folate, but the results only approached statistical significance for RBC folate (OR = 1.64, 95% CI = 0.96-2.79, *P* = 0.0686) ([Table 3](#T3){ref-type="table"}). Among SU, women with BMI ≥ 25 kg/m^2^ were more likely to achieve NTD-protective concentrations of both RBC and plasma folate, but the results only approached statistical significance for RBC folate (OR = 3.43, 95% CI = 0.82-14.28, *P* = 0.0902) ([Table 4](#T4){ref-type="table"}). When BMI was replaced with WC and % BF, however, none of the associations were statistically significant. Among SU, the duration of supplement use was not significantly associated with NTD-protective concentrations of RBC or plasma folate, but women who consumed supplements for ≥ 1 year were \~2 times more likely to have SP concentrations of plasma folate, the association approaching statistical significance (OR = 2.39, 95% CI = 0.98-5.84, *P* = 0.0568) ([Table 4](#T4){ref-type="table"}). Among NSU, women with less than high school education were less likely to have SP concentrations of plasma folate (OR = 0.51, 95% CI = 0.30-0.87, *P* = 0.0140) ([Table 3](#T3){ref-type="table"}). Among SU, those who used hormonal contraceptives were significantly more likely to have SP concentrations of plasma folate (OR = 8.11, 95% CI = 2.72-24.22, *P* = 0.0002) ([Table 4](#T4){ref-type="table"}).

Discussion
==========

Even though few public health interventions have been as far reaching as FA fortification programs, many concerns remain surrounding these programs and their projected impact on the prevention of NTDs. There is little doubt that the risk of NTD pregnancies can be reduced by raising FA consumption, but the magnitude of reduction for a given increase has been uncertain. Using 13 studies of FA supplementation on plasma folate concentrations and results from a cohort study of the risk of NTDs according to plasma folate, Wald et al. \[[@B26]\] documented that based on a typical western background plasma folate concentration of 5 ng/mL, \~0.2 mg/day fortification levels (current US level) is expected to reduce NTDs by \~20%. In fact, a 19% reduction in NTD birth prevalence has been reported following FA fortification of the US food supply \[[@B27]\]. An analysis of US data by race showed that statistically significant decreases in the prevalence of NTDs during fortification in the US occurred among CA women (\~32% decline), but not among AA women (\~13% decline) \[[@B28]\]. Although it is possible that the remaining NTD-affected pregnancies in AA women are not responsive to FA and may be associated with low vitamin B~12~ \[[@B29]\] or other factors, it is also possible that AA women are not reaching NTD-protective concentrations of circulating folate and therefore require higher folate intakes to prevent NTDs. Wald et al. \[[@B26]\] estimated that an increase of 0.4 mg, 1 mg and 5 mg of FA per day would reduce the NTD risk by 36%, 57% and 85% respectively, and suggested that FA fortification levels should be increased. However, on the other hand, even at the current lower level of US FA fortification, the program has been criticized for its potential adverse effects on other vulnerable population groups \[[@B15]\]. Further, it has been hypothesized that any lower decline in NTD prevalence will likely be due to the relatively low NTD prevalence in the general population in the pre FA fortification era, rather than to the current level of FA in fortified food, which argues against an increase in the fortification levels \[[@B30]\].

Studies evaluating folate status using appropriate biomarkers are critical for solving existing conflicts surrounding FA fortification programs, and making them more acceptable as well as justified for population wide coverage. The current study evaluated the folate status in a subset of women exposed to the US FA fortification program. Even though our study did not use a nationally representative sample of the US population, it represents 13% of US women with abnormal pap who are not only likely to encounter NTD pregnancies, and who are also at risk for developing cervical cancer and other HPV related cancers, as well as cancers common in this age group such as breast and ovarian cancer. The study was limited to women of child-bearing age, as the FA fortification was implemented specifically to improve the folate status in this subgroup. All women were diagnosed with abnormal pap, tested positive for HR-HPVs and were histologically confirmed to be free of pre-cancer, providing homogeneity in the study sample. Blood samples from these women were not requested to investigate possible folate deficiency or higher folate concentrations, and thus are unlikely to be biased toward low or high folate concentrations.

The study has several strengths because of the use of carefully selected biomarkers and biologically meaningful cut points. Most commonly used methods to measure circulating concentrations of folate are the microbiological assay, competitive binding assays or liquid chromatography-tandem mass spectrometry. The CDC previously reported that at least one competitive binding assay results in \~30% lower RBC folate values compared to competitive binding assays or liquid chromatography-tandem mass spectrometry \[[@B31]\], indicating that comparisons between studies need to be performed with caution. Comparisons between studies are further complicated by the fact that the same RBC folate cut off point is used regardless of the type of folate assay used. In our study, we used the microbiological assay to measure RBC folate and the NTD-protective RBC cut point used in our study, \> 400 ng/mL or 906 nmol/L (400 × 2.266), was initially established by Daly et al. \[[@B5]\] using the same folate assay (microbiological). We also used the NTD-protective concentration of plasma folate cut point in addition to RBC folate cut point for the following reason: Even though RBC folate is considered a good indicator of the long-term folate status, it may be influenced by an individual\'s genetic makeup and the participation of adequate amounts of other methyl donor micronutrients, especially vitamin B~2~, vitamin B~6~ and vitamin B~12~, which influence reactions in the folate pathway \[[@B32]\]. We were able to observe similar results with both plasma and RBC data, and to our knowledge this approach has rarely been used in previous studies. Further, unlike the NHANES surveys, we used the same folate assay with the entire study population, avoiding the need to apply a correction factor to account for incorrect calibration issues. All of our folate assays were also performed by one research associate highly trained for this assay, further strengthening the quality of folate data used in our study.

Similar to a previous report \[[@B6]\], we observed that the US FA fortification has been very effective in eliminating folate deficiency in this population. In contrast to NHANES results reported for 1999-2000 \[[@B6]\], however, we observed that a much higher proportion (\> 85%) of even NSUs reached NTD-protective concentrations of both plasma and RBC folate in our population. The differences in study populations, i.e., heterogeneous and nationally representative samples in NHANES vs. more homogeneous self-selected samples, or the longer period of exposure to the FA fortification program in our study population may explain the disagreement between our results and the NHANES results. Since 86% of our population did not use supplements containing FA, the most likely explanation for this discrepancy would be a higher consumption of folate-rich or fortified foods in our study population.

NHANES has also attempted to address whether there is a relationship between obesity and circulating concentrations of folate, an important question considering that \> 50% of women of child-bearing age have excess body weight, but the results reported have been largely inconclusive. NHANES III in the pre-fortification era (1998-1994) and early post-fortification era (1999-2000) reported that obese adults compared to normal weight adults had higher odds of having low concentrations of serum folate \[[@B21],[@B20]\]. A post-fortification NHANES which analyzed serum folate (2003-2008) and RBC folate (2007-2008) reported that BMI was inversely associated with serum folate among those who did not use supplements containing FA, but not among supplement users. This report also documented that regardless of supplement use, obese women had the highest RBC folate concentrations \[[@B33]\]. Our results suggest that obese women have higher odds of having NTD-protective concentrations of folate, and especially RBC folate, irrespective of supplement use and independent of several other covariates. Our results, therefore, do not support the notion that obese women in our population need to increase FA intake in comparison to non-obese women to confer a similar level of protection against NTDs.

In fact, our results suggest that most women in our study population may not need to take FA supplements in order to reach NTD-protective concentrations of circulating folate. However, in the regression analysis, we identified specific subgroups of the population that were significantly less likely to achieve NTD-protective concentrations of circulating folate. The most consistent finding was the racial disparities in achieving NTD-protective concentrations of folate. AA women who did not take FA containing supplements were 78% less likely to achieve \> 400 ng/mL of RBC folate and 55% less likely to achieve \> 7 ng/mL plasma folate. Previous studies have demonstrated that after the US fortification program, AA women of child-bearing age lagged behind CA women in total folate consumption and RBC folate concentrations largely due to differences in supplement use \[[@B34],[@B35]\]. We observed that AA women were less likely to use FA containing supplements on a regular basis and have a shorter duration of use compared to CA women. Therefore, our results demonstrate the need for addressing racial disparities in folate status in the US post-FA fortification era, especially among AA women who do not take FA containing supplements on a regular basis. Our study also observed that smokers were significantly less likely to achieve NTD-protective concentrations of RBC folate, especially when they do not take FA containing supplements. Since the FA fortification has been estimated to result in a mean increase in FA intake that was approximately twice as large as previously projected \[[@B36]\], these remaining disparities in sub groups with regard to optimal NTD-protective effects of folate of this population should ideally be addressed by targeted individual improvements in folate intake.

A US post-FA fortification study conducted among CA women has shown that FA supplement use was a significant predictor of RBC folate concentrations \[[@B37]\]. In our study, the duration of supplement use was only weakly associated with achieving NTD-protective concentrations of plasma and RBC folate, suggesting that most women in our study population are able to achieve NTD-protective circulating concentrations of folate by consuming folate from natural or fortified sources. Even though women with SP levels of plasma folate were largely concentrated in the group of women who reached NTD-protective concentrations of folate ([Table 1](#T1){ref-type="table"}), the proportion of women with these high folate concentrations were only slightly higher than the US general population, except among SUs. AA women were significantly less likely to have SP concentrations of plasma folate, even among supplement users, suggesting that increasing folate intake with fortified food or FA is unlikely to result in hypothesized adverse effects of exposure to higher folate in AA women. We have previously reported that in a sub-set of the same study population, women with SP concentrations of plasma folate were at significantly lower risk of developing higher grades of cervical intraepithelial neoplasia (CIN 2+), especially in the presence of adequate plasma vitamin B~12~ \[[@B38]\], indicating that the monitoring of vitamin B~12~ status coupled with targeted FA interventions is a scenario that is unlikely to increase cancer risk. A recent meta-analysis of randomized clinical trials with FA doses ranging from 0.8 to 40 mg/day, even over an extended period (\> 5 years), showed no increased risk of overall cancer incidence, cancer mortality or all-cause mortality \[[@B39]\], further suggesting that targeted folate interventions are unlikely to exert adverse effects. Further, FA is considered non-toxic across a range of recommended doses, 0.4 mg/day (for healthy adults) to 5,000 mg/day (for women with a history of NTD child). Our results also suggested that smokers were less likely to have SP concentrations of plasma folate, indicating that targeted interventions to increase folate in smokers are also unlikely to result in adverse effects. Women with less than high school education were less likely to have SP concentrations of plasma folate, but the level of education was not a significant determinant of NTD-protective concentrations of plasma or RBC folate, suggesting that targeted folate interventions based on education are unlikely to have significant influence on NTDs. Our results demonstrated that women who use hormonal contraceptives were significantly more likely to have SP concentrations of plasma folate, especially among SU. Even though a number of earlier studies have reported that contraceptives negatively impact folate status, presently available data do not support this conclusion \[[@B40]\]. The reduction in estrogen content in contraceptives over time \[[@B41]\], relatively lower negative effect of contraceptives on absorption of synthetic FA compared to natural folate \[[@B42]\] or the availability of contraceptive pills containing FA \[[@B43]\] may explain these observations. A recent randomized trial conducted with a folate-containing contraceptive documented a mean plasma folate concentration of 27 ng/mL at week 24, clearly exceeding SP levels \[[@B44]\]. Because folate containing contraceptives have become available only in recent years, longer term effects of this exposure are largely unknown, but this extended exposure needs careful monitoring. To our knowledge, our study is the first to report an association between contraceptive use and likelihood of having SP concentrations of plasma folate in an un-intervened population.

A notable limitation of the study is the smaller % of SUs in our study population, not allowing us to control for some variables (e.g. education) or forcing us to reduce the number of categories in variables (e.g. BMI) in models limited to SUs. Replication of findings observed in these models in a larger number of SUs will increase the scientific credibility of our findings. We also observed that the relationship between physical activity and folate concentrations were inconsistent between plasma and RBC folate. The smaller proportion of physically active women in our population may have contributed to these inconsistencies. Another limitation of the study is its cross-sectional nature, which did not allow us to establish causal inferences. Future studies that include comprehensive dietary folate intake data will complement circulating folate data and aid in implementing folate related policies in the US.

In conclusion, our results demonstrated that a large majority of women in our study population were able to reach NTD-protective concentrations of circulating folate with the current level of FA fortification. Remaining disparities in AA women and smokers should be addressed by targeted individual improvements in folate intake.
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